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SUMMARY 


During the first year of effort on this contract the mathematical 
oppressions were developed to describe the interrelationsMps iDctween 
operating requirements (capabilities), cell parameters, and system 
constraints in terms of design crite7;ia definition. The mathematical 
model was programmed for computer solution. The model was 
exercised to identify performance -linniting characteristics, and analyses 
were conducted to predict operation in space of an experiment involving 
separation of four comj)onents . 

An engineering model of a flovflng electrophoretic separator has been 
constructed. The design is directed toward verif^dng improvements in 
resolution and throughput of a thicker cell than can be used on earth. 

As further designs evolve, the cax^ability of processing selected 
significant biologicals inay be tested and proven. These may include 
means to recover samjple fractions and a UV scanner for detecting them. • 

Of the three major tasks included in this contractual effort, Task I, 
Design Criteria Optimization -Math Modeling,, is complete except for a 
recently -discovered minor problem wliich w.lll be corrected soon. Task II, 
Design, Build, and Test a Flowing Electrojihoretic Separator System, is 


i 


nearly complete. The system has been designed and built. Testing 
of the system is just beginning. Task in, Experimental Operations 
Task, has been started. By use of prototyxje equipment similar to that 
designed in Task H, assessments are being made of the effects of cell 
thickness, voltage gradients, buffer conductivity, residence differences, 


and concentrations. 
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I. INTRQtyUCTION 

One of the most promising ideas identified for space processing of 
materials is the scpai-'ation and/or purification of biological materials by 
electrophoresis. Although electrophoresis was first observed in the early 
nineteenth century, its utilizatio\i as a laboratory technique did not take 
place until the 1930’ s when precise measurements were made on purified 
proteins and complex biological, materials. Most of the development in 
electrophoresis since 1950 lias been in an area described as zone 
electrophoresis in stabilized media. Tills technique separates a .sin;jrle 
narrow zone of sample mixture in an electrolyte medium into many zones 
containing a single component of the mixture and electrolyte between them. 
Since the densities of the sex>arated zones generally differ from that of the 
intervening medivmi, such systems are gravitationally unstable and 
stabilization is required. The various techniques for stabilisation include 

using the ca)pillary spaces jirovided by thin films, the interstices of solid 

* ... 

mciterial such as filtex* paper and a variety of gel-forming substances. 

Although zone electrophoresis has been adapted for both continuous and 
batch fractionation, much care and ingenuity have been involved in the 
choice and preparation of the stabilizing medium. This method is usually 
satisfactory for separating low molecular weight materials but it is 
imx>ractical for high molecular weight materials because of immobility in 
the stabilizing media, and interactions between the macroion and the 
stationary phase. 
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Attempts have been, made to use fluid electrophoresis for the separation 


of high molecular weight materials wliich have little or no mobility in a -r" , ‘'7' 


porous solid. In the presence of gravity, however, the method is 






characterised by, incomplete s.eparatio.US,,,,..du6 ito,„electrpphoretic .and.„-,. 
hydrodynamic effects near the cell wall, and to density diffei'cnces betv/ecn 
the solvent and the solute. In n, large-scale separations are limited 

by thermal convection arising f;; .. Joule heating of the solution, 

Electrophoresis done in space will alleviate at least two inajor problems 
that occur on earth. (1) The electric field produces an electric current 

Cl 

in the liquid medimn whicli results in Joule heating. This heating generates 
convectioii currents in the solvition wh5.ch mix the components already 
separated. (E) I,arge hiolcgical particles of high density, such as living 
cells, settle to the bottom of liquid electrophoresis beds and cannot be 
effectively separated. Under weightless coiiditions, electrophoresis can.be 
applied to molecules or particles of any size or density suspended in fluid 
media. The advantages are expected to make electrophoretic separation in 
space practioal for preparing medical and biological products of high social 
and economic value. 

The objectives of this project are: 

1) to develop the analytical and experimental basis for a 

/ 

thick cell, free-flow electrophoretic separator for 
appXxcatxczi in the aOv/ of spacer 


?ooa QUAuryi 
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Z) to design, build, and test an engineering model of the 
elec t r o r oti c s epa r aOo r ; 

3) to demonstrate the experiment operation on the ground 
with simulated weightless conditions; 

4) to operate the model and conduct experimental simulation 
studies to provide data and experience tliat will predict 
the performance of the eqiiipment in the si>ace 
environment; 

5) to predict the operation in space based upon analysis and 

/( 

experimentation and identify problem areas tlf |t remain 

1 ) 

unresolved by ground evaluation that must be sted or 

' ■/ 

measured in space; and 

6) to define flight experiments of varying duration that will 

demonstrate the performance of the design and apparatus 
concepts. /' ■ 
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II. MfVTHEMATICAL MODEL OF AN ELECTROPHOB.ETIC SEPARATOR 
A. Backgvound 

Uiidar an qarlier contract (NAS 8-23365) an equation \va«3 
^•derj.v8d^wlucl^Iv^x^elates^to■. various ’parameters tlm -minimum difference ..in..-- - xvi*..* 

mobility (A/J) necessary to separate two particles in an electrophoresis 


device. 


The cqvxation previously derived for /^n is: 


A/i % = 


A Si .|. 


X 100 


S is the horizontal displacement, A Sj is distortion of the sample, N 
is the spacing between cell outlets, and bg is half the sample stx*eam 


diameter. 


The solution of such an equation normally involves a number of 
simplifying assumptions which are made necessary by the interdependence 
of several of the parameters implicit to the solution. Therefore, in order 
to obtain more realistic estimates of electrophoretic resolving power, a 
computer program was developed winch did not make use of simplifying 
assumptions but rather took into account the various thermal, cleOtriciilj 
jand hydrody'^mic effects and their interrelationslnps. . 
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® • Description of the CompuCor Model 

The computer model provides a total view of the interacting 
variables in the electrophoretic system. By altering thci^e variables, it 
1 . ♦. ,is possible to detorimne th„* effect op a given separation. 

The total mo(l ,1 is composed of several individual programs, 
each of wliich solves a particular part of tlie problem. In this way, 
flexibility is x^^-’ovided and alterations to individual parts caia be made 
without interfering with the operation of any of the other parts. 

Although each part of the model is independent from all others, 
the results of each part are used in subsequent programs. Figure 1 
illustrates the interdependence of the cell’ s variables. 

An equation was set up to describe the temperature gradient 

though the thickness of the electrophoresis cell. The equation was set up 

\[ 

for the condition that both faces of the cell are at the same temperature and 
a steady-state condition has been reached. (Tliis, of course, would be 
normal operating procedure.) The calculations yield a temperature 
difference, 0 , from the temperature of the outside face. These distributions 
are therefore symmetrical. Some standard, textbook equations (Ref, 1) 

were solved first to acquire a "feel" for the solutions. The final equation 

(1). Jakob, M. , "Heat Transfer, Vol. 1", J. Wiley & Sons, New York, 

N.Y., 1949. % 


FIGURE 1. INTERDEPENDENCE OF CELL VARIABLES ' 

— — 1 ; 

X 
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I' Quantities Easily Controlled 


is a second order differential equation which takes into account variations 
in thermal conductivity, 1C, and electrical conductivity. Ice, with 
temperature,. Both of those variables increase with temperature over the 


, range* of-intor'eat'. (4 to 'ST 'C}-, ♦. 'Both'valy accordihg’to'a'n" equatidh’bf*" 


* )■ 


the form; ^ {1 4 dO ) whereas is the quantity at a standard 

temperature, a is the temperature coefficient and Q is the temperature 


difference. The final equation has the form; 


f!» <1 

(a 50) -—fi H- H-PO) 

v\ A 


( 1 ) 




where 0 is the thermal conductivity at 4^C, 6 is the temperature 

III 

coefficient of the thermal conductivity, q _ is the heat generated per unit 

volume and contains both tho voltage gradient and the electrical conductivity, 

(i is the temperature coefficient of q** , 0 is the temperature difference 

s 

and X is the distance from the centexdine of the cell. 

This' equation is solved by the comiiuter in Step 1. The data are 
obtained as a profile of temperature difference versus distance from coll 
centerline. In addition, this printout indicates when temperature will exceed 
physiological temperature of 37'^C. 

Inputs to Step 1 are: buffer conductance and its temperature 
coefficient, thermal conductivity and its temperature coeffi.'cient, voltage' 
gradient and one .-half the cell thickness. 
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Step II; Curtain Velocity Pr ofile 

The linear velocity of the buffer curtain determines the residence 
time of a particle iir the field and therefore determines, in part, the lateral 
vdisplacement ofctJievparticlev-’ •In -a’constaufc'temperature/system, • the* 
vvlocity profile would be parabolic, due only to viscous friction. However, 
viscosity decreases with increasing temperature (for a. liquid) and since 
there is a distribution of temperature in the cell, a distortion of the parabolic 
flow profile result'; 

The final equation for^Step II is also a second order differential 
equation of the form; 

d )] , dP (2) 

|( h % )] dy 

where is the viscosity of the buffer, dP/dy is the pressure gradient causing 
flow, Vis the velocity of the buffer at. x , the distance from the cell centerline. 

It is important to know the velocity at all points through the cell 
thickness, since a samijle stream has a finite thickness and therefore particles 
at the outer edge of the stream will move with a lower velocity than particles 
at the center. The slower parts of the stream have longer residence times 
and therefore experience different lateral displacement. This ultimately affects 
resolution. 
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Inputs to Step II are: average f].ow rate, cell width, cell 

thicka«)ss, temperature data from Stop I and the variation, of viscosity with 
temperature. 

Step III: Profile of Electroosmotlc Velocity 

Electroosmosis occurs normal to the 'direction of hydrodynamic 
flow. Since the cell is a closed systean in the electroosmotic direction, this 
flow must be recir dilating. Depending upon the sign and magnitude of the 
applied field and the Kets. potential at the wall, tliis electroosmotic flow will 
affect the lateral displacement of a particle undergoing electrophoresis. It 
is necessary to know the profile of tins flow, so that an absolute velocity can 
be calculated for particles at various positions in the cell. The final equation 
is almost identical to that of Step II except for substitution of -F for dP/dy, 



where ^ is again -/is cos ity, Ve is the electroosmotic velocity, ~F is the 
driving force for flow related to the zeta potential of the vn.ll and x is a 

M * 

distance from the cell centerline. 

Inputs to Step III are: Zeta potential of the vail surface, dielectric 

constant of the buffer, field gradient, cell tliickness, temperature data from 
Step I and variation of viscosity with temperature. 
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step XV " Final Residence Time and Piffusioti Effects 

depending on t:hc IcLnds of particles in the samx^lc stream and 
on ,tlic residence time, diffusion effects may i>lay an important role in the 
,sppar?;tipJ3L,,ii.nd r,e,aoluti#i:i.P-cJx?-®-V‘?'^'‘*'-^3.f£us.ion,v\viJl- cause. tho,.i.sarnx)le';str-eai'n‘.-i * 
to widen as it transverseS the cell. If the diffusion time is short compared 
to the residence time, sample particles will he moving into slower curtains 

a 

and the residence times will thus increase. This has to be taken into 

I r 

account when coxnxniting the final residence time. The effect of diffusing 
into a slov/er stream can be comixared to a decelerating force and the increase 

c ■ 

in residence time can be calculated by using the following equation: 

S - V^tr ~ 1/Z a tr^" {4). 

where S is the length of the field in the cell, Vq is the initial velocity of the 
particle, c< is the change in velocity due to diffusion and tr is the residence 
time . , 

Inphts to Step IV are: active length of cell, centerline velocity 

of particle stream (froxii Step II) deceleration factor, <?( , from Step II and 
the diffusion constants of the particles. 
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Steps V-VII ~ Total Lateral Displacement 


T}ie total lateral displacement of a particle in the field is a 
resitlt of electrophoresis, electroosmosis and residence time. Steps V 
through Vn calciiiatc the electrophoretic velocities and tire electroosmotic 
velocities throughout the thickness of the sample streafca and arrive at net 
velocities for the ]pa.rticlef; , Combining these with their respective residence 
times allows calculation of total lateral displacement, taking into account 
temperature variations. 

Step Vin - Minimum Resolution 

It is necessary to define a minimum resolution (distance between two 
sample streams) foi- complete separation. This minimum resolution takes 
into account lateral displacement for two particles, collection tube spacing, 
particle stream diameters and increases iu'these due to diffucipn effects. 

The result is a number which is the minimum difference in mobility 

between two particles which is necessary to achieve a complete separation. 

1 

It is possible to modify Step Vm so that if the mobility difference 
is ali'eady known, it is possible to calculate any of the other variables. 

Thus the oj>erating parameters can be optimized for a sample of a known 
coiTiposition, 
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C. Use of the Computer Model 

Some tost cases were run on the computer progi*a7Tci with input 
values derived from our own experience or reported by others. The 
input data set included: 


/ 

active length 

10,16 cm 

Cell dimensions < 

width 

6. 08 cm 

1 

thickness 

0. 50 cm 

Field 

40 volts /cm 

j 

Electrical 

(A-1 buffer) 

-4 - 1 - 1 

8.75 X 10 ohm cm j 

Conductivity 

Temp. Coeff.- 

2.88% °C“^ j 

Thermal Conductivity 

TemiD. Coeff, 

1.36 X 10“^ cal/sec/cm/°C 
4.05 X 10‘^°C“^ 

Buffer Flow Uate 
Sample Diffusion 

1.05 cm^/min 
5. X 10**® 

■ ij 

Zeta Potential Sample (Pai*ticle. 

Coeff. 

1) 0.025'“\ 

Samjple Stream 


2) 0.029 1 Volts 

Radius 

0,03 cm 

3) 0.031 { 

Collector Spacing 

0 . 1 cm 

4) 0.033^ 

cases were considered, one where the cell wall was 0.005 volts, j 


and one where it was 0.050 volts. The first approximates an agarose -coated 
wall; the second ci 1;1 agarose; agar-coated wall. Plots of some of, the data 
are shown in Figures Z through 5. . . ■ . 


, • • • . . ,v ..... .■ ■ • . ■ ; 


. f , , 


• , ' 'V 
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Minimum values oJ ^jx % (see Section IIA, above) were 
calculated for the several cases and are summarized in Table 1. 
results indicate quite clearly the advantage of using an agarose/ agar 
coating on the cell ;'yalls when attempting to separate particles of the types 
being considered. AVo have recently learned that under some circumstances 
the program does iiot give exactly the correct answers. For example, the 
data shown ijp Table 1 for the case of the 0.05 volt wall zeta potential are 

close but not exactly correct. We are trying to deteiunine the cause of this 

u 

anomaly. 

TABLE 1 

Minimum Mobility Differences Required for Separation 
Sample Particle \ k 

Zeta Potential, 


volts 

Wall ZP .005 volts 

Wall ZP .050 volts 

.025 

7.5<L 

1.99 

.029 

6.78 

1.97 

.031 

6,56 

1.96 

.033 

6.25 

» 

1.95 


III. ENGINEERING MODEL OF THE ELECTROPHORETIC SEPARATOR 


A. Sumi-nary 

An engineering model of a free Row electrophoretic separator 
and the test and operating panel for running it were designed, assembled, 
and are now undei'going system tests. It is sized and designed to fit on the 
Black Brant sounding rocket for testing under zero g conditions. It is 
14,44“ dia. >: 19" high and weighs about 76 lbs. 

The engineering model is shown in Figure h with the air-tight 
cover removed. It is shown alongside the ground operation and test panel. 
Figure 7 is a view of the equipment with the cover on but with the access 
door open as it would be for last-minute adjustments, addition of sample, or 
removal of film or sample after flight. Also visible in these views are 
connectors which include the means for testing the entire unit as well as for 
power and telemetry operations during flight. In addition the fluid connectors 
permit the preflight filling and flushing of the chilling fluid to freeze the 
temperature controUant, the buffer system, and the general atmosx^here of 
the unit which is to be dry nitrogen. 

The unit is designed to j)rovide both a wide range of current and 
future capabilities. Initial capabilities are to provide photographic data 
acquisition from a cross -sectioii analyzer to indicate resolution in the 5 mm 
thick cell. The reusable unit is equipped to operate over a wide range of 
conditions including; temperatures down to 4^C for several hours to preserve 

delicate biologicals, 0 to 150 volts/cm and O-EOO ml/min. of buffer flow 

' 16 ■ . ■ ■ ■ 



Figure 6. 


Engineering Model of Electrophoretic Separator with 
Control Panel. 







for up to about 8-15 minutes dejicnding upon the flow rate chosen. This is 
to permit operation on tbe Aries rocket if desired. In the latter case, this 
includes the ability to function as a static cell in which the sample can be 
inserted by fiowiiag the buffer and sample into the field area, then stopping 
the flow for any desired time during the electrophorptic separation step, 
then restarting the flow to move the separated fractions out of the coxTimon 
exit. Provisions fox* per-mitting the recovery of separated sample fractions 
and for UV detection of biologicals have been made for possible later 
addition to the unit. More detailed discussions on each of the major 
subsections follows* 

Electrophoresis Cell 

Ground -based testing in prototype equiixment was conducted on 
several innovations in cell design such as cells containing multiple inlots 
and xTiultiple saxnple injections. These can be seen in Figures 8 and 9« 

These were used for soxne tests to ascertain the upper limit of sample input 
rates as part of the objective of increasing the throughput. The electrophoresis 
cell has inside dimensions of 33.6 cm x 5,08 cm x 0,5 cm with an active 
electrode length of 10,2 cm. The cell faces are glass-reinforced epoxy, 
which was chosen for its rigidity and high thermal conductivity (relative to 
most plastics). The entire assembly is contained witliin an aluminum frame 
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which also serves fts the cooling jacket in the lectroclc area. Photographs 
of a cell devoid of plumbing and electrical connections ai*c shown in 
Figures 10 and 11, 

A duplicate of the engineering model cell is now in usage for 
determining the tlu*esholds between unstable conditions due to terrestrial 
gravitational effects and stable conditions in space, wjiich are also in the 
desired operating i*ange. In other words, if it is desired for resolution or 
throughput reasons to oi>crate the cell in the region where it is unstable 
on earth, it may be at conditions which require the microgravity of space 
to permit stable operation. The definition of some of thefce conditions is 
apparently required to gain a recommendation for a sounding rocket flight. 

C. Fluid Systems 

There are basically three fluid systems, each with a pump and 
provision for loW“tcmperature operation. 

1, Buffer 

2, Coolant 

3, Sample 

The central feature of the buffer system is a reversible, positive 
displacement, piston pump with a capacity of 1625 ml shown in Figure 12. 
It is intended that in flight operation the buffer pump would be started ju. t 



Electrophoresis Cell Components 


I 


I 
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“• Electrophoresis Cell Assembled 



prior to launch to lower and equilibrate the cell temperature to about 


4°C. It is designed therefore with enough capacity to provide tills function 
as well as to permit the potential usage on the Aries rocket for 12-15 
minutes of microgravity. To maintain essentially a constant center of 
gravity, the buffer (and spent sample) is returned to the lov/ pressure side 
of the piston. 

The coolant or temperature controllant is basically a fluid system 
for providing cooled (4*^C) water to the electrophoresis cell faces. The 
cooling capability for both tliis coolant and the buffer is supplied by 
prefrozen coolant located in an annular space around the buffer pump. It 
would also be sta^rted p7*ior to flight to help to equilibrate the cell 
temperature. 

The sample handling system is a motor driven cooled, insulated, 
syringe mounted on a bracket to permit easy installation on (and removal 
from) the experimental facility through the access door up to about an hour 
prior to flight. It is shown in Figure 13. 

D. Data Acquisition System 

The initial data acquisition system is aimed at demonstrating the 
primary objective of the progi*am, namely improved resolution from a 
thick (5 mm) cell. It was therefore designed as a cross-sectional analyzer 
sytem with a Nikon F2 camera to record the images wliich are presumed 
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to be from visible particles for the stated purpose. 

In the expectation, however, that the facility will be used 
eventually for biologlcals most of which are only or best observed in the 
UV spectrum, some pruvisions have been made to add that capability. 

Among the provisions are a fused silica envelope flash lamp and fused 
silica windows in the cell to permit generating and transmitting UV light 
respectively. In addition, some space and electronic circuitry are 
provided for adding a UV scanner to the system later. 

All of these components, plus the electrophoresis cell, are 
mounted on the top structural plate shown in Figure 6. Tliis permits the 
alignment and testing of the data acquisition s>c’cm with little danger of 
later misalignment due to the flight environment, etc. 

In addition to the potential future addition of a UV scanner for 
observing biologicals, some thought and provision for easily adding sample 
fraction recovery capability to the facility has been proviOw'd. This would 
primarily involve replacing the camera volume with a container for cold 
water from the coolant reservoir and means for holding the separated 
fractions in individual containers. This would place the recovered sample 
fractions just inside the access door from which they could bo easily recovered 
after 'flight. 
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